Most calculations of the vibrational scattering of diatom-atom collisions use the breathing sphere approximation (BSA) of orientation averaging the intermolecular potential. The resulting angularly symmetric potential can not cause rotational scattering. We determine the error introduced by the BSA into observables of the vibrational scattering of low-energy homonuclear diatom-atom collisions by comparing two quantum mechanical calculations, one with the BSA and the other with the full angularly asymmetric intermolecular potential. For ·reasons of economy the rotational scattering of the second calculation is restricted by the use of special incomplete channel sets in the expansion of the scattering wavefunction. Three representative collision systems are studied: H2-Ar, 0 2-He, and I2-He. From our calculations, we reach two conclusions. First, the BSA can be used to analyze accurately experimental measurements of vibrational scattering. Second, measurements most sensitive to the symmetric part of the intermolecular potential are, in order, elastic cross sections, inelastic cross sections, and inelastic differential cross sections. Elastic differential cross sections are sensitive to the potential only if the collision is" sticky," with scattering over a wide range of angles; 12-He is such a collision. Otherwise the potential sensitivity of elastic differential cross sections is concentrated in the experimentally difficult region of very small angle scattering.
I. INTRODUCTION
The study of intermolecular forces is a major motivation for many experiments in nonreactive, vibrationally inelastic diatom-atom collisions. 1 In these collisions, the most detailed observation possible has the form O .. •z 1 •m 1 •altmt. This designates an observation of the scattering from initial diatomic state I a'lt'm!') to final state l al 1 m 1 ). Here and elsewhere a and lt are the diatom's vibrational and rotational quantum numbers and m 1 is the diatom's angular momentum projection quantum number along the initial direction of the atom. A primed quantum number shows that it indexes the precollision system. In most experiments the diatom is not prepared in a specific rotational state and is randomly oriented. Also, the diatom's rotational state and orientation after scattering is not resolved. In such experiments, the only observation possible has the form Oa•a, designating an observation of the scattering from one diatom vibrational state to another.
An intermolecular potential (IP) can be quantitatively determined only when experimental measurements can be reproduced by a calculation with an assumed IP. Therefore, one needs to calculate at least Oa•a. Oa•" can not be directly calculated, because it obeys the relation as to cause both rotational and vibrational scattering. However all exact, and most approximate, quantum mechanical calculations 2 of Oa•z 1 ·a use an angularly symmetric IP. Such an approximate IP treats the diatom as a breathing sphere and hence there can be no rotational scattering. There are two reasons for the breathing sphere approximation (BSA). First, Oa•z 1 •a is mainly a measure of vibrational scattering and so should be sensitive primarily to the symmetric part of the real IP. Second, the wavefunction for a symmetric IP has only enough detail to determine Oa•z 1 Oa'll'a= (21/+1)-1 L L Oa'll'ml'allml, (2) mt'=-lt 1 m1=-lt
Since each vibrational quantum number indexes tens to hundreds of diatomic states, such information is basically too difficult and expensive to obtain. The approximate quantum mechanical calculations not using the BSA have used instead dynamical approximations that are hard to evaluate. This can be said of most semiclassical and classical calculations 2 not using the BSA. However, a two-dimensional classical calculation by Benson and Berend 3 indicates that the BSA is accurate for the calculation of vibrational relaxation calculation by Razner 4 implies that the BSA is inwhere Pa•(lt') is the experimentally controlled prob-accurate for the calculation of energy transfer in very ability that the diatom with quantum number a' will energetic Br2-Ar collisions. also have quantum number l 1 '. Oa'lt'a, which can be
We have been able to determine the degree of error in calculated, is an observation of the scattering of a a BSA calculation of Oa'll'a for the simplest class of randomly oriented diatom in the vibrational rotational collisions exhibiting vibrational inelasticity-the collistate of a' and l 1 ' into all states with quantum number a. sion of an atom with a homonuclear diatom at energies Ideally, the calculation should be quantum mechanical low enough to involve only two vibrational states. This and the assumed IP should be angularly asymmetric so is done by comparing two quantum mechanical cal-2604 culations, one using the BSA and the other an angularly asymmetric IP with restricted rotational scattering.
In the next section, we define our coordinate system, units, and the three representative homonuclear diatom-atom collision systems studied: H2-Ar, 02-:-He, and I 2 -He. In the third section, we derive the theory for model restricted rotational scattering by a realistic IP.
In the fourth section, we discuss the numerical and analytical methods used to solve Schrodinger's equation for the collision system wavefunction. In the fifth section, we study in detail the BSA induced inaccuracies in the partial, and partial differential, cross sections of H 2 -Ar. In the sixth section, we study the BSA-induced inaccuracies in the partial cross sections of 02-He and I 2 -He. We then summarize our results.
II. SYSTEM DESCRIPTIONS Figure 1 shows our coordinate system. Vector r1 (r~, 0 1 , qn) is the distance of one end of the diatom from its center of mass and vector r2 (r2, 02, c/>2) is the distance of the colliding atom from the diatom's center of mass.
' Y is the angle between these two vectors, while the z axis, from which 01 and 02 are measured, points in the initial direction of the atom.
We represent the diatom as a rigidly rotating harmonic oscillator, an approximation which is valid at our low collision energies. For an IP, we choose V(r1, r2, 'Y) = V 0 (r1, r2) + V2(rt, r2) P2(cos'Y), (3) where
where P2 (cos')') is the second Legendre polynomial. Both Vo and V2 are of a Lennard-Janes type with V 2 modified by a short-and long-range P 2 (cos')') asymmetry defined by a.r and a 1 r. Real IP's are known 5 to have a long-range attractive and a short-range repulsive part, with each part having its own angular asymmetry; our parametrized IP contains these features.
The Hamiltonian JC for the collision of A striking B 2 is 6 : (4) where M=mA/(mA+2mB). of energy and length are fiw and one-half the classical ground state vibrational amplitude, respectively. £1 2 is the rotational angular momentum operator, Bo the rotational constant, and y is the diatom's bond displacement from equilibrium. To specify JC for a collision system we need M, B 0 , u, E, a •• , and air· We considered three systems: H2-Ar, OrHe, and h-He. The parameters for these three systems are listed in Table I . The IP for H 2 -Ar is approximately correct while that for Or He is only qualitatively correct. The IP for I2-He is just a guess, since it is based on results or estimates for a variety of systems. However, for most homonuclear diatom-atom systems realistic values for the six Hamiltonian parameters fall within the range of the values chosen for our three systems. For reasons of economy, each system is studied at one total energy E and one initial rotational state indexed by l/. However, each system has different values for these two parameters. E and lt' are listed in Table I The value of lt' for H2-Ar and 0 2 -He is not unreasonable for these experiments. At least one experiment on I2-He 9 has preselected the diatom in our initial rotational state.
III. THEORY

A. Formalism
To determine Oa'lt'" for any a we need to know the wavefunction 1/la'h'mt'E for all m1' and the relevant range of E, where (5) and
where k and k are the initial and final wavenumbers of the relative motion, f,., r 1 'mt'altmt(E, ~) is the amplitude at total energy E for I a'l1'm1') to be excited to I al1m 1 ) while scattering the atom into solid angle ~ specified by 02 and </>2. Oa' h'" can be determined from all these amplitudes. The usual first step in obtaining >/la'lt'mt' (we will suppress the index E) is its expansion 10 in a set of functions complete in r1, 01, cf>1, 02, and <1>2 space. The spherical harmonics are complete in 02 and cf>2 space. Furthermore each spherical harmonic describes an orbital angular momentum state of the atom. In the total angular momentum representation the product of the diatomic states, complete in r1, 01, and cf> 1 space, and the spherical harmonics is the most convenient set of functions to expand 1/la'lt'mt'· We call a member of that set a channel designated by Jl altl2), where ~ is the orbital quantum number which couples with l 1 to form J, the total angular momentum quantum number. In general, a channel's z component of J should be specified, but atom-diatom scattering is independent of this momentum. A channel is open if its diatomic state factor has an energy less thanE; otherwise it is closed.
The boundary condition on 1/la'h'ml' is lt'+h' ' is the wavefunction for that part of the collision system initially described by unit amplitude in J! a'l 1 'l 2 ') with unit incoming current in the r 2 direction. The square of J Sa' h'l2'"h 12 is the probability that the collision will scatter J! a'l1'l2') into J\ al1l2). To obtain >/lro"' 11 ', we expand it in channels and generate a coupled set of differential equations in r2 for the channel coefficients. The channel coefficients at large r2 contain the pwfn's solution vector. Describing the collision in terms of the scattering of each initial channel into other channels is more convenient than describing it in terms of the scattering of the initial diatomic state into other states and of the atom into different directions.
B. The Influence of the IP
The expense and difficulty of determining Oa'lt'" lie almost entirely in solving the coupled set of differential equations for the channel coefficients of each pwfn. The calculation time for each set is roughly proportional to the number of channel coefficients cubed. The importance of the IP is that a pwfn's channel set is effectively complete if it includes only those channels which the IP significantly couples to the initial channel in some region of r 2 • The form of the IP limits a pwfn's channel set in two ways. First, all meaningful IP's must conserve total angular momentum as well as reflect the symmetry of a homonuclear diatom. Therefore, >/l c 2 'J"'lJ' will need only those channels with total angular momentum J and rotational and orbital angular momenta of the same parity (even or odd) as l1' and l2'. Second, if an IP is angularly symmetric, >/lzo"' 11 ' will need only those channels with rotational and orbital angular momenta 1 1 ' and l2'. Beyond these two general statements, a pwfn's channel set depends on the strength, not the form, of the IP.
The differences between a BSA and an exact determination of Oa' z 1 •"' stem from the differences b~tween the scattering of each initial channel by an angularly symmetric or asymmetric IP. In Figs. 2 and 3 we schematically illustrate the scattering of one initial channel by both IP's. In each figure, a channel is represented by a square whose position specifies the channel's vibrational, rotational, and orbital quantum numbers. Only channels strongly coupled to the initial channel are shown; these channels must have the same J and the same parity in 1 1 and 1 2 as the initial channel. Arrows of a thickness proportional to the excitation probability connect final and initial channels. For clarity, pure elastic scattering is not shown in either figure and some arrows are left out of Fig. 3 . Vibrationally elastic scattering takes place within the initial channel's plane ot channels while all other scattering is vibrationally inelastic. Only two channels are coupled in Fig. 2 by the symmetric IP while 50 channels are coupled in Fig. 3 by the asymmetric IP. The ratio of BSA to exact calculation time for the pwfn is therefore 2 3 /50 3 or about 1/16 000. We refer to the scattering between channels alike in 1 1 and 12 as vertical and all other channel scattering as lateral. The symmetric IP causes only vertical scattering, while the asymmetric IP causes both vertical and lateral scattering. The vibrational scattering produced by an elastic or inelastic process is different in at least three ways from that produced by the analogous vertical process. First, the two processes differ in the vibrational coupling between initial and final channels. Second, the energy of rotational and orbital motion during the collision is different; this affects the amount of energy directly available to force vibrational scattering. Third, because the final channels of the two processes differ in 1 1 and h, they describe an atom-diatom system separating at different speeds in different directions. The greater the change in 11 and 12 from 11' and 12', the more a lateral process will differ from the analogous vertical one. A pwfn's contribution to Oa•1 1 •"' involves a sum over all the vibrationally elastic or inelastic scattering of its initial channel. If, in the exact calculation, the difference between each elastic or inelastic lateral process and the analogous vertical process does not sum to zero for enough initial channels, then the BSA determination of Oa'lt'"' will be in error.
C. Model Rotational Scattering
Suppose we obtain Vta'h'mt' for an asymmetric IP by expanding each pwfn Vtlo"''lt' in a channel set composed only of channels with h equal to 12'. This very incomplete channel set does not permit Vt!N"'' 1 t' to obey its boundary condition tu1less we assume J Sa'lt'! 2 •"' 1112 equals zero if 12 is not equal to 12'. The channel scattering for the same initial channel of Figs. 2 and 3 is represented in Fig. 4 . This calculation takes only 125 times longer than a BSA calculation vs the factor of 16 000 we previously estimated for the exact calculation. However, each lateral scattering process in Fig. 4 is probably more intense than the same process calculated with a complete channel set ( Fig. 3) because the initial channel's amplitude is being forced into fewer final channels. This feature implies that differences between lateral and vertical scattering will be larger in the approximate than in the exact calculation. The implication is that the difference between the approximate and the BSA determined Oa• 11 ·"' will tend to be larger than the difference between the exact and the BSA determined Oa'lt'"'· Let us define a model calculation of Oa'lt'"' as one in which each pwfn is expanded in a channel set made incomplete by the same artificial set of restrictions. The degree of error in a BSA Oa• 11 ·"' can be semiquantitatively defined by its comparison to Oa•1/' from feasible calculations for models whose restrictions emphasize lateral processes with large changes in l1 or h.
We have studied four different models. We will now define each model's set of restrictions and, as an example, apply these to the pwfn Y,5, channel or the channel in the plane vertically connected to the initial channel. We will look at just one channel plane for 1{;5, 5°· 9 , where we will presume that all channels with l1 equal to 1-13 are needed for completeness. The plane is shown in Figs Model 2: Consider all the channels with the same value for l1 to be in a row. Starting from the initial channel, advance from row to row, choosing the one channel in each row which, first, is one of the nearest neighbors to the included channel of the previous row and, second, has a value of l2 nearest without exceeding the row's average value of 1 2 • These channels are marked by lines sian ted to the left in Fig. 5 (a) .
Model3: As in Modell with "1 1 equals l1"' replacing "l2 equals~,, and the results shown in Fig Models 1 and 2 emphasize scattering in l1, while models 3 and 4 emphasize scattering in 12• As in model 2's description, let us divide each plane of channels into rows indexed by 11. In a complete channel set calculation, the initial channel may scatter into final channels similar to itself; then the most probable final channel in each row is indexed by l 2 equal to l 2 '. Under this assumption, modell's channel set is an average of the complete channel set over 1z. Another assumption is that the quantum numbers of the initial channel would be "forgotten" during a scattering process in which changes in the quantum numbers are large. Then each row's most probable final channel depends on the size of l1-l1'· The final channel's ~goes from~', when l1-l/ is small, to the row's average when l1-l1' is large. Under this assumption, model 2's channel set is an average of the complete channel set over ~-Models 3 and 4 are similarly motivated.
For a realistic IP, the complete channel set of if;zo"' 11 ' is usually considered to be at least all the open channels indexed by J and by h and lz whose parities are those of 1 1 ' and ~'. Should any of our models be applied to the thousands of open channels in the I 2 -He system, hundreds of channels would still be left in the incomplete channel sets. However, only channels that the IP couples significantly to a pwfn's initial channel are required in a complete set and this number is always much less than all the open channels. These significant channels can be determined from exploratory calculations and experimental results. For each collision system, we will define the channel sets to which the models are applied.
IV. METHODS
We used two methods to solve the coupled set of equations for the channel coefficients and solution vector of each pwfn. The first method is the propagation method of Gordon 11 with one major modification. This modification is the complete elimination of closed channel coefficients from the calculation at intermediate values of rz as the channel coefficients propagate from r 2 =0 to the asymptotic region. This modification is a direct outgrowth of what Gordon refers to as stabilization and is a general feature of all propagation methods. This modification tends to make the computation time proportional to the cube of the number of open channels rather than the number of open and closed channels. See Appendix A for details. Using the propagation method, we obtained approximately three-place accuracy in any probability (squared amplitude of a solution vector element) greater than w- 6 • We tested the accuracy of our solution vectors in two ways. First, a vector's probabilities should sum to 1; our sum values were always one to four decimal places. Second, if Pmn is the probability that the initial channel m will scatter into final channel n, then (Pmn-Pnm)/Pmn should be zero by time reversal. Our values were always less than 0.05 and usually less than 0.01 for all p mn> 10-6. In model calculations on the 1 2 -He system, this accuracy could not be obtained when closed channels were included in a model channel set with 20 or more open channels. For unknown reasons the stabilization procedure described by Gordon failed to prevent the closed channel coefficients from exponentially blowing up as they propagate. We did not pursue this difficulty because of expense and because, as we will later prove, BSA-induced errors in Oa'l!'" for the Iz-He system can be determined by model and BSA calculations that exclude closed channels.
The second method is analytic and approximate but valid when ll is very large. In such cases, the initial channel's scattering is essentially elastic. The scattering is that of potential scattering where the potential is the initial channel's expectation value of the IP. The unknown is the phase shift which is one-half the phase of the only nonzero element in the solution vector. The channel expectation value of our IP is a Lennard-Jones potential. For Lennard-Jones potential scattering when l2' is large, a valid analytic formula exists. 12 Solution vectors calculated by this analytic method pass smoothly, as a function of~', into those calculated by the propagation method.
V. THE H2-Ar SYSTEM
For this system, we calculate both the partial cross sections 1To,8°, 1T1,3 1 , ITo,s', and 1Tt,a 0 using all four models and the BSA, and the partial differential cross sections d1To,a 0 (82), d1T1,3 1 (82), d1To,a 1 (82), and d1Tt,a 0 (02) using models 1 and 3 and the BSA. To review our notation, ITa' It'" and d1Ta•l 1 •"(82) are the cross section and differential cross section, respectively, for the scattering of a randomly oriented diatom in the vibrational rotational state of a' and t,' into all states with quantum number a. We solve for pwfn's 1/11 0°· 3 and Y,. 12 ·J 1 • 3 for all 1 and for l2' ranging from 0 to 199. The propagation method was used for l2' between 0 and 80 and the analytic method for l2' between 81 and 199. The models restrict the complete channel sets of 1/1 10°· range of values that the a, l,, and l2 indices of a channel can assume specifies a pwfn's complete channel set. This range may vary with all four indices of the pwfn, but we let it vary only with l/. In Table II , the range of a and h as a function of ~~ are listed for the H 2 -Ar system. For ~'>80 the channel scattering is essentially elastic and the pwfn's complete channel set is just its initial channel. For each pwfn, l2 ranges over all values allowed by the pwfn's value of J. Not all open channels are included, but we estimate that use of this channel set would incorrectly determine only vibrationally elastic and inelastic lateral processes of probabilities less than 10-4 and 1o-7 , respectively. Oa• 1 ,,a would probably not be altered by an exact calculation with pwfn channel sets larger than those of Table II.   TABLE II 12'+11' the expression for ITa'lt'" can be simplified for the BSA calculation,
The partial cross sections for models 1 and 3 are in Table III. Table III Table III , models 1 and 3 estimate that BSA-induced errors for the H2-Ar system are less than 1% in rr and 10% in e for elastic cross sections and less than 1% or 2% in rr for inelastic cross sections. Also, the BSA results show that inelastic cross sections are extremely insensitive to the value of e.
Partial differential cross sections can also be determined from these seven calculations. The full expres- Figures 6--11 show two features. First, models 1 and 3 estimate the BSA-induced errors for the H2-Ar system to be about 1% or 2% in rr for the inelastic partial differential cross sections. Second, the inelastic partial differential ctoss sections are not sensitive to e and the elastic partial differential cross sections are not sensitive to either e or rr. All the potential sensitivity in elastic differential cross sections is concentrated in the experimentally inaccessible region of very small angles. We confirm this in Table IV , where the values of drro, 3°( 6z) for {}z equal to 0° through 4° are listed for all five BSA calculations. The difference in potential sensitivity of elastic cross sections and elastic differential cross sections are due to experimental limitations. However, the lack of sensitivity to e-like parameters in inelastic cross sections and inelastic differential cross sections are due to the nature of the collision system. 2o. oor--------.---,---,-----,---------,------,------- 
B. Interpolation for Partial Cross Sections
Because models 2 and 4 allow more lateral scattering than models 1 and 3, the former are less likely to underestimate errors due to the BSA. They are also much more expensive to use. To circumvent this difficulty, we have devised a way of interpolating, with respect to l2', the solution vectors of either a model or a BSA calculation. The interpolated vectors are good only for the construction of approximate partial cross sections. However the difference between an approximate cross section of a model and that of a BSA calculation is almost exactly the same as the difference between analogous uninterpolated cross sections. Therefore, the interpolation scheme can be used without destroying the ability of model calculations to determine BSAinduced errors in partial cross sections.
The comparison of Eqs. (7) and (9) shows that both the full and BSA expression for 11'a'h'a depends on a sum We call Vh' 12 'S,.. and Ll!' 12 'S,.. vertical and lateral pseudovectors, respectively. To form a term in CTa'h'a for any a we need to know the amplitude squared of each element of both pseudovectors as well as the phase of the elastic element of the vertical pseudovector; these quantities are defined in order as 
not straightforward; this minor complication is fully discussed in Appendix B.
C. Model 2, Model 4, and the BSA
For the H 2 -Ar system, we use our interpolation scheme to determine the partial cross sections for models 2 and 4 and to redetermine the cross sections for models 1 and 3 and the five BSA calculations. For k'=0-80, we solve for the solution and pseudovectors for every tenth value of l2', starting from 0, and interpolate the remaining vectors. The results are in Table V. The  comparison of Table V to Table III results of Table V show that th-E: BSA-induced errors in partial cross sections are the same for all four models. All our calculations on the H2-Ar system support two conclusions:
(1) The BSA can be used to determine accurately the symmetric part of the IP from measurements sensitive to potential parameters. (2) The inelastic partial cross sections are insensitive toE-like parameters while the entire potential sensitivity of the elastic partial differential cross sections is concentrated in the very small angle region.
A. Interpolation for Pseudovectors
The construction of Vh' 1 •'Sa' and Llt' 1 •'Sa' requires JSa'lt'h' for all J. If l2'~lt', the number of values for J is (211'+1). For HrAr, (2lt'+1) is only 7; but for OrHe and IrHe, it is 27 and 65, respectively. For model calculations on the OrHe and IrHe systems, the number of solution vectors which must be calculated for each pair of pseudovectors is so large that the deter- These calculated pairs of pseudovectors are used to interp?late other pseudovectors, with respect to l2', to form partial cross sections. For a fixed interpolation of pseudovectors with respect to l2', the interpolation of solution vectors with respect to J(a'lt'~' I P 2 (cos-y) I a'l 1 '~') is accurate for that value n such that there is a negligible difference in partial cross sections between the nJ and the (n-1)1 model calculation. Let us call All-J a model calculation where all solution vectors used in the construction of pseudovectors were calculated; the model calculations for the H2-Ar sys tern were All-J calculations. In Table VI we compare the partial cross sections for the HrAr system determined by 21, 3] , and All-J calculations of models 2 and 4. Any of the three calculations for both models would have estimated the same degree of BSA-induced error in partial cross sections. This indicates that our interpolation scheme drastically Table  VII where, as a function of l2', the ranges of a and l 1 are listed. A channel set's range of h has all values allowed by the value of J of the set's pwfn. Not all open channels are included in each pwfn's channel set, but we estimate that a calculation with this set would incorrectly determine only vibrationally elastic and inelastic lateral processes of probabilities less than 10-4 and lQ-7 respectively. ' Table VIII 12 and 13 we plot dO"t,ta 1 (8 2 ) and d0" 0 , 13 1 (82), respectively, for the five redone BSA calculations. The two figures show that, for 02-He as for H2-Ar, the potential sensitivity of the elastic differential cross sections is concentrated in the very small angle region, while the inelastic differential cross sections have the same potential sensitivity as inelastic cross sections. channel sets, we redid the five BSA calculations including two closed channels in each pwfn's channel set. The resulting partial cross sections are listed in Table XI. The elastic cross sections are unchanged; the inelastic cross sections are all changed by the same small amount, leaving their relative values unchanged. We believe model cross sections will undergo the same alternations if closed channels are used in the calculation. By assuming the BSA is equally good for cross sections and differential cross sections, we redid once again the five BSA calculations to investigate the potential sensitivity of differential cross sections. In this new set of calculations, closed channels were used and each solution vector was explicitly calculated. In Fig. 14 we plot du1,a4 1 (82) for three BSA calculations and in Fig. 15 we plot duo,34 1 (82) for all five BSA calculations. The two figures show that the elastic and inelastic differential cross sections of I 2 -He have size and structure over a far wider range of angles than the differential cross sections of H2-Ar and 0 2 -He. The large values of u and e make the collision of He and I 2 much "stickier" than the collision of Ar with H 2 or of He with 02. Large-angle scattering is significant with the consequence that both the inelastic 1 4 0 . 0 0 . -----, , ----, -----. -----. --- 
VII. CONCLUSIONS
Two conclusions about low-energy vibrational scattering in homonuclear diatom-atom collisions can be drawn from our results for the HrAr, 02-He, and I2-He systems. First, the breathing sphere approximation can be used to analyze accurately experimental measurements for the potential parameters to which the measurements are sensitive. Second, the measurements most sensitive to potential parameters are, first, elastic cross sections, and, second, inelastic cross sections and inelastic differential cross sections. Elastic differential cross sections are as sensitive as elastic cross sections if the intermolecular potential is soft and the collision is "sticky" with large-angle scattering (like 1 2 -He). Otherwise the entire potential sensitivity of elastic differential cross sections will be concentrated in the experimentally difficult region of very small angle scattering.
The approach used in this work can be applied to the study of the orientation effect of strong dipole forces present in most heteronuclear diatom-atom vibrational scattering. The intermolecular potential used in a
FJG. 15. duo;u. 1 (02) for I:rHe. Each curve is generated from a calculated value at every other degree. breathing-sphere-approximation calculation cannot align the atom and diatom during collision, whereas the intermolecular potential used in a model calculation can. A significant difference between BSA and model observables would indicate the aligning power of dipole forces significantly affects vibrational scattering.
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APPENDIX A
The coupled set of differential equations for the channel coefficients of an expanded partial wavefunction (pwfn) can be formulated in terms of matrix operators and vector solutions. Only the particular vector solution which obeys the correct boundary conditions [see Eq. (6) and following text] is a set of channel coefficients. For an expansion set of N channels, let us define an NXN matrix cp whose Lth column, for L= 1, · · ·, N, is the set of channel coefficients for the expanded pwfn whose initial channel is indexed by L.
To obtain a column of cp, either a matrix 14 or a propagation15 approach must be used. Both approaches calculate an NXN matrix ~ whose columns are vector solutions which obey boundary conditions different from those of channel coefficients, (matrix or propagation), (A1)
where fz is in the asymptotic region. A and B are arbitrarily chosen constant matrices whose elements With these features of cp in mind, we will now discuss the stabilization of tl! and its implications. If A is linearly independent, tl! at the start of its propagation will also be linearly independent. However, due to the unbounded growth of the closed columns of cp, at large enough rz the closed columns of cp will completely dominate cpC. This means that during propagation each of tl!'s columns become, to all the significant figures retained, the linear combination of only the closed columns of cp. In other words, when closed channels are present, 11! has an innate tendency to linear dependence. Any procedure which suppresses this tendency we will call stabilization. Although there are several stabilization procedures, their derivations are similar to the following simplified set of arguments. When tl! has propagated to a large enough value of rz to show signs of linear dependence, we wish to find a matrix T which back-multiplies ~ so that 1l!T has a much reduced tendency to linear dependence. Then the propagation is continued with 1l!T. The In other words, the stabilizing transformations allow the dimensions of tl! to be reduced from NXN to N 0 XNo during the course of the propagation. This reduction in the amount of calculation is a feature of the propagation approach analogous to the previously discussed reductions possible with the matrix approach.
In our calculations we use Gordon's propagation method.u Before propagating over each step in r 2 , we stabilize tl!· After propagating over each step, we form where NXN are the effective dimensions of t1r for that step, where U and its derivative are defined by Gordon, and where ENo is the energy of the diatomic state factor of the Noth channel. When this ratio becomes less than 1Q-L w-s (depending on the system and the accuracy resulting in a significant reduction in calculation costs.
APPENDIX B
. The elastic phases of solution or pseudovectors are undetermined within an integral multiple of 21r. The propagation method internally adds or subtracts 211" units to its phases to bring them within ±1r. Figure 16 is the plot of the phase, as both a smooth function of l2' and as produced by the propagation method. Because the phase as a smooth function of ~~ passes outside the range of ±1r, the phases produced by the propagation method are not suitable for interpolation with respect toll. For BSA calculations this difficulty can be avoided by using the JWKB method to determine the elastic phase of each solution vector under the gross approximation that the initial channel experiences only potential scattering. The JWKB phases are smooth functions of l2'· We use these phases to determine the number of 211" units the exact elastic phase of the propagation method must be displaced, by demanding the displaced phase to be as close as possible to the JWKB phase. The displaced elastic phases are smooth functions of lz' and are suitable for interpolation. For the pseudoelastic phases of a model calculation, we use the same displacements determined for the BSA calculation whose IP is the symmetric part of the model's IP. In all cases where this procedure was used, the difference between an exact undisplaced and a JWKB phase was, within 1% or 2%, an exact multiple of 271". *Alfred P. Sloan Foundation Fellow.
